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Introduction
DNA methylation (5-methyl-cytosine, 5-mC) is a major epi-
genetic modification of vertebrate genomes contributing to the 
regulation of gene expression during development.1-3 Another 
form of modified cytosine, 5-hydroxymethyl-cytosine (5-hmC), 
has recently attracted considerable attention due to its possible 
involvement in ESC maintenance and differentiation.4,5 5-hmC 
is produced by enzymatic oxidation of 5-mC, catalyzed by Tet 
(Ten-11 translocation) proteins (Tet1/2/3),4,6 which are, accord-
ing to several reports, important for mouse ESC (mESCs) self-
renewal and/or lineage specification.4,7-9 Unlike 5-mC, 5-hmC is 
enriched in both mouse and human ESCs, compared with most 
differentiated cells.6,10-13 The elevated levels of 5-hmC are lost 
upon ESC differentiation and reappear during the generation of 
induced pluripotent stem cells (iPSC); thus, the enrichment of 
this DNA modification correlates with a pluripotent state.6,12 In 
addition, we have previously shown that 5-hmC signal is pres-
ent throughout mouse pre- and post-implantation development, 
being highly enriched in embryos at morula and blastocyst 
stages.12 Moreover, according to several reports 5-hmC is immu-
nochemically detectable in mouse zygotes, where the paternal 
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genome is subjected to a genome-wide 5-mC oxidation.12,14,15 
Genome-wide mapping studies of 5-hmC in mouse and human 
ESCs (hESCs) demonstrated that it is predominantly localized 
in enhancers and gene bodies, as well as in binding sites of pluri-
potency regulators Oct4 and Nanog5,16,17 and it has been recently 
proposed that the balance between pluripotency and lineage 
commitment during development may be closely linked to the 
balance between hydroxymethylation and methylation in the 
genome5 and, moreover, that Tet1 may play a key role in orches-
trating the balance between pluripotent and lineage committed 
states.8
Since 5-hmC has been studied to date exclusively in mam-
malian systems, the data obtained using other vertebrate models 
may yield important insights into its function. Here we assessed 
the 5-hmC distribution during embryonic development of two 
non-mammalian model systems, zebrafish (Danio rerio) and 
chick (Gallus gallus).
Results
The dynamics of genomic 5-hydroxymethyl-cytosine dis-
tribution in early zebrafish development. Since the zebrafish 
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conditions (Fig. 1C, 1,000 cells, dome, tailbud views 
and Fig. S1A). A detectable 5-hmC signal was first 
evident only in 10 somite stage embryos, and was 
then present throughout all later stages of zebrafish 
development (Fig. 1C).
Subsequently, high levels of 5-hmC were detected 
in both epithelial and mesenchymal cells in 24 h 
stage embryos, with particularly high levels in skel-
etal muscle cells (Fig. 1C, 24 h). In 36 h embryos, 
5-hmC was detected in a wide range of embryonic 
tissues including the neural retina and the embry-
onic brain (Fig. 1C, 36 h; Fig. S1B). In addition we 
performed an immunostaining of adult zebrafish sec-
tions and found that, similar to mammalian organs, 
various fish tissues possess different levels of genomic 
5-hmC. While neuronal, liver and some skeletal 
muscle cells exhibited pronounced 5-hmC signal, 
5-hmC was undetectable in smooth muscle and the 
endodermal gut epithelium (Fig. S2). As expected, 
5-methyl-cytosine was present in cells at all the stages 
of zebrafish development analyzed, and the global 
level of DNA methylation did not vary significantly 
between embryonic stages and adult tissues (Fig. 1C; 
Figs. S1 and S2).
5-hmC is not detectable by immunochemis-
try in pre-streak chick embryos. To check whether 
the developmental pattern of 5-hmC distribution 
observed in zebrafish is specific for bony fish spe-
cies, or more widespread among non-mammalian 
vertebrates, we assessed the dynamics of 5-hmC con-
tent during chick (Gallus gallus) early development. 
Immunostaining experiments revealed that, similar 
to zebrafish, 5-hmC is immunochemically unde-
tectable in the epiblast of pre-primitive streak chick 
embryos at 1 h and 3 h incubation stages (Fig. 2A). 
By contrast, a strong 5-hmC signal was observed 
in chick embryos at 6-somite stage of development 
(28 h incubation) (Fig. 2B; Fig. S3). Staining was not 
uniform, with some 5-hmC enriched cells localized 
in the head fold and endoderm, with less pronounced 
signal in somites and very weak staining in the epi-
blast (Fig. 2B; Fig. S3). Similar to zebrafish, the 
5-hmC was detected throughout the stages of later 
chick development. Thus most embryonic tissues in 
7 d stage embryos were strongly enriched in 5-hmC 
(Fig. 2C–G), with highest levels of this mark in the 
somites and neural tube (Fig. 2C, F and G). In addition 5-hmC 
was detected in a range of tissues of pre-hatching chick embryos, 
wherein most cells in the brain, heart and skeletal muscle as well 
as some cells of skin, intestine and liver, exhibited pronounced 
5-hmC staining (Fig. S4). As in zebrafish, 5-mC signal did not 
vary between chick stages of development or embryonic tissues 
(Fig. 2; Figs. S3 and S4).
5-hmC is immunochemically undetectable in zebrafish 
pre-gastrulation embryos. As our immunostaining procedure 
employs peroxidase-conjugated secondary antibody, we could 
genome contains the homologs of all 3 mammalian Tet genes 
(see Materials and Methods), we looked at the dynamics of 
genomic 5-hmC content during zebrafish embryonic develop-
ment. Previously we characterized the 5-hmC distribution 
in mammalian development and detected 5-hmC signal in a 
range of mouse embryonic and adult tissues.12 Notably, both 
mouse blastocysts and hESCs exhibited intense 5-hmC staining 
(Fig. 1A and B). However, we could not detect any 5-hmC sig-
nal in sections of paraffin-embedded zebrafish embryos at cleav-
age, blastula and gastrula stages under the same experimental 
Figure 1. 5-hmc distribution in early zebrafish and chick development. 5-hmc 
and 5-mc staining of mouse blastocyst (A), human Escs culture (B) and zebrafish 
embryos at indicated stages of development (c). The sections of the radially sym-
metric 1,000 cell and dome stage zebrafish embryos are shown with their animal 
poles at the top of the image. The section of the tailbud stage embryo (10 h) is cut 
at an oblique angle and is shown with its dorsal side up while the section of the 10 
somite stage embryo (14 h) is depicted with its head to the right and dorsal up. sk 
m, skeletal muscle; Ret, retina; Br, brain tissue. hEscs and zebrafish embryonic sec-
tions were stained in parallel under identical conditions and imaged with identical 
exposure times. Mouse blastocysts were stained as whole-mounts using the same 
antibody dilutions and times of incubation with tyramide. scale bars are 20 μm in  
(A and B) and 250 μm in (c).
© 2012 Landes Bioscience.
Do not distribute.
www.landesbioscience.com Epigenetics 385
and skeletal muscle actin α a1 exhibited high levels of expression 
only after the muscle formation at 24 hpf (Fig. S5).
Discussion
Our results show that whereas mammalian blastocysts and ESCs 
derived from them, are highly enriched for 5-hmC, this modifica-
tion is immunochemically undetectable in relevant cells of zebraf-
ish and chick embryos (Fig. 5). Since the conversion of 5-hmC 
into 5-formylcytosine (5-fC) and 5-carboxylcytosine (5-caC) is 
also catalyzed by Tet1/2/3 proteins,19,20 which are virtually not 
expressed during early zebrafish development according to our 
expression analysis (Fig. 4), it is extremely unlikely that these 
newly found forms of oxidized 5-methylcytosine are present at 
significant levels in pre-organogenesis zebrafish embryos. It is 
compare the kinetics of peroxidase reactions by 
quantifying fluorescence on serial adjacent embry-
onic sections (or identical cell culture slides) 
after different incubation times with fluorescent 
substrate (tyramide), which would allow us to 
semi-quantitatively assess the levels of 5-hmC in 
different specimens.18 Based on that, we compared 
the 5-hydroxymethylcytosine levels in zebrafish 
blastula embryos with the 5-hmC content of hESCs 
derived from an equivalent developmental stage 
(blastocyst). Quantification of our results revealed 
that the intensity of hESCs staining increased with 
time in a linear manner (Fig. 3A and B). 5-hmC 
staining of 24 h zebrafish embryos exhibited simi-
lar linear dynamics (Fig. 3B). By contrast, immu-
nostaining of dome stage zebrafish embryos did 
not produce detectable 5-hmC signal at any time 
of incubation with tyramide (Fig. 3A and B).
To ensure that our staining results were not 
affected by tissue-embedding procedures we 
assessed the 5-hmC and 5-mC contents of total 
DNA extracted from hESCs or zebrafish dome 
stage embryos using a dot-blot assay. While 5-mC 
was present in both hESCs and zebrafish blastula 
embryos at similar levels, and 5-hmC signal was 
indeed observed in hESCs DNA, 5-hmC was 
undetectable in zebrafish dome stage embryos even 
at the highest concentrations of genomic DNA 
tested (Fig. 3C). These results agree with our 
immunohistochemical data, and we conclude that 
5-hmC levels in blastula stage zebrafish embryos 
are, at best, several orders of magnitude lower than 
in hESCs.
Tet1/2/3 transcripts are either low or unde-
tectable in zebrafish embryos before the onset 
of organogenesis. To investigate the expression of 
Tet genes in zebrafish development, we analyzed a 
whole-transcriptome gene expression time course 
data set (Zebrafish Genome Sequencing Group, 
Wellcome Trust Sanger Institute), which was que-
ried for Tet1/2/3 genes, along with a range of refer-
ence markers (EF1α, actin α a1, Dnmt3, Ndr1 and Ndr2). In 
agreement with our immunostaining results, neither Tet2 nor 
Tet3 was expressed and only 25 reads mapping to Tet1 were iden-
tified in zebrafish embryos at the 2 cell stage (Fig. 4). Moreover, 
in gastrulating zebrafish embryos at 6 hpf, no expression was 
detected from any Tet gene (Fig. 4). Expression of the Tet1/2/3 
starts between 6 and 24 hpf in zebrafish development, achieving 
the highest levels at 48 hpf. By contrast, the content of DNA 
methyltransferase Dnmt3 transcripts was higher during early 
development decreasing after 24 hpf and the orthologs of mam-
malian pluripotency regulators Oct4 (pou5f1) and Nanog were 
expressed exclusively in 2 cell stage and 6 hpf embryos (Fig. 4). 
As expected, the nodal related signaling molecules were only 
significantly expressed during early development, the expres-
sion of EF1α was relatively high at all the developmental stages 
Figure 2. (A) 5-hmc and 5-mc staining of pre-primitive strike chick epiblast regions at 
1 h and 3 h stages. (B) The immunostaining of a sagittal section cut close to a neural 
grove of chick embryo at 6 somites stage. (c–G) sagittal section of chick embryo at  
7 d stage stained for 5-hmc and 5-mc. The locations of (D–G) views are indicated with 
dotted squares on (F). 5-hmc, 5-mc and merged views are indicated. scale bars are  
20 μm in (A and B), 250 μm in and (D), 500 μm in (E) and 1 mm in (F).
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have limited ability to contribute to the germ line, and do not 
self-renew indefinitely like bona fide ESC.22,25-27 A recent report 
suggests that multiple components of the pluripotency network 
are either novel to mammals or have acquired new expression 
domains in mammalian development.28 Since an emerging 
consensus on a role for 5-hmC in mammalian ESCs implies its 
participation in maintaining the pluripotency gene regulatory 
network,5,7-9 it is therefore possible that 5-hmC enrichment in the 
DNA of early embryos is also a mammalian innovation and may 
account for such specific features of the mammalian pluripotency 
network as the ability to maintain long-term self-renewal, which 
has been unachievable for non-mammalian ES-like cultures to 
date. Alternatively, as a recent report brings the perceived role of 
Tet1,29 and therefore potentially, 5-hmC during development of 
mammals into question, our observation that 5-hmC enrichment 
in non-committed cells is not a universal feature of vertebrate 
development may contribute to elucidating the role of this modi-
fication in mammalian ESCs.
Materials and Methods
ES cell culture. HUES-7 hESCs were maintained on Matrigel 
in feeder-free conditions in conditioned medium (CM) and 
trypsin passaged. To prepare CM, mouse embryonic fibroblasts 
(MEFs) were mitotically inactivated with mitomycin C (MMC) 
(10 μg/ml, 2.5 h) and seeded at 4.8 × 106 cells per T75 flask. After 
24 h the inactivated MEFs were incubated with DMEM-F12 
supplemented with 15% KnockOut Serum Replacement, 100 
μM β-mercaptoethanol (β-ME), 2 mM GlutaMAX, 1% nones-
sential amino acids (NEAA), and 4 ng/ml βFGF for 24 h. CM 
was then harvested and supplemented with an additional 4 ng/
ml βFGF.
Pre-implantation mouse embryo culture and immunostain-
ing. Mouse embryos were produced by mating super-ovulated 
F1 females with CD1 males and cultured according to standard 
procedures. The blastocyst stage embryos were immunostained 
as described in reference 12, using anti-5-hmC (Active Motif, 
1:5,000 dilution) and anti-5-mC (Eurogentec, 1:200 dilution) 
antibodies and tyramide signal enhancement system (Perkin 
Elmer).
Zebrafish and chick embryo culture. Wild-type zebrafish 
embryos, obtained from in house breeding, were maintained at 
28.5°C as described previously in reference 30. White Leghorn 
fertile eggs from Henry Stewart and Co., were incubated in a 
humidified incubator as previously described in reference 31. At 
the indicated time points, embryos were dissected, washed in 
PBS and stored in cold 4% paraformaldehyde until embedding.
Immunocytochemistry, immunohistochemistry and imag-
ing. For immunocytochemistry cells were fixed in 4% formalde-
hyde for 15 min. Paraffin embedded formaldehyde fixed sections 
of zebrafish and chick embryos and adult tissues were used for 
immunohistochemistry. Tissue sections were de-waxed accord-
ing to standard procedures. Cells and tissue sections were per-
meabilized for 15 min with PBS containing 0.5% Triton X-100, 
incubated in 4 N HCl for 1 h at 37°C and then neutralized in 
100 mM TRIS-HCl (pH 8.5) for 10 min, followed by a standard 
important to note that we still cannot rule out a possibility that 
low levels of 5-hmC/5-fC/5-caC and/or Tet1/2/3 proteins are 
present in early zebrafish and chick development in locus- or cell 
lineage-specific contexts.
All vertebrate embryos have multipotent non-committed cells 
before gastrulation, and a number of studies argue for evolution-
ary conservation of the core factors that regulate pluripotency 
in development.21-23 Nevertheless, whether the architecture of 
the pluripotency gene regulatory network is conserved between 
mammals and non-mammalian vertebrates is debatable.24 Thus, 
embryonic stem cell-like (ESC-like) cells derived from chick 
and fish embryos are able to give rise to somatic chimeras, but 
Figure 3. 5-hmc is undetectable in zebrafish embryos before the 
onset of organogenesis. (A) 5-hmc immunostaining signal at indicated 
times of incubation with tyramide in hEsc and zebrafish dome stage 
embryos. Multiple cell culture slides and adjacent serial zebrafish 
embryonic sections were stained in parallel at identical conditions with 
varying times of incubation with tyramide and imaged with identical 
exposures. scale bars are 20 μm. (B) The progress curves of peroxidase 
reactions produced by quantification of immunostaining of hEscs and 
zebrafish embryos at dome and 24 h stages. (c) The results of dot blot 
assay with genomic DNA derived from hEscs and zebrafish dome stage 
embryos hybridized using anti-5-hmc or anti-5-mc antibodies.
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immunostaining protocol.12 Anti-5-hmC 
(Active Motif, 1:5,000 dilution) and anti-5-mC 
(Eurogentec, 1:200 dilution) primary antibod-
ies were used. Peroxidase-conjugated anti-
rabbit secondary antibody and the tyramide 
signal enhancement system (Perkin Elmer) 
were employed for 5-hmC detection. Control 
staining without primary antibody produced 
no detectable signal. Images were acquired 
using a Nikon ECLIPSE 90i immunofluores-
cence microscope and Volocity software.
Image quantification. Image quantifica-
tion was performed using Fiji software. Slides 
with serial adjacent sections were processed 
in identical conditions with varying times of 
incubation with tyramide and were imaged at 
the same exposure settings. Mean intensities 
were measured for 10–20 random cell nuclei on 
each region of interest for each sample. Mean 
values of the mean intensities were plotted 
onto graphs. Experimental error is expressed as 
SEM.
Dot blot assays. Dot blot assays were per-
formed as reported previously in reference 
32, using anti-5-hmC (Active Motif, 1:5,000 
dilution) and anti-5-mC (Eurogentec, 1:1,000 
dilution) primary antibodies. Equal dilutions 
of hESCs and zebrafish embryonic DNA were 
loaded onto membrane. The dilution rate 
between two neighboring experimental points 
equaled 10x.
Deep-sequencing based gene expres-
sion analysis. Three Tet orthologs, 
Tet-1 (ENSDARG00000075230), Tet-2 
(ENSDARG00000076928) and Tet-3 
(ENSDARG00000062646) were identified in 
the zebrafish genome (version Zv9) by homol-
ogy. Each gene has two identified transcripts, 
although only Tet1 has transcripts, which dif-
fer significantly from one another, with one 
not producing a protein. Zebrafish time course 
data set is deposited in the NCBI short read 
archive (http://trace.ncbi.nlm.nih.gov/Traces/
sra/?study=ERP000400). These data were 
provided by the zebrafish genome sequencing 
group at the Wellcome Trust Sanger Institute 
and cover 7 time points during development, 2 cell stage, 6 h post 
fertilization (hpf), 24 hpf, 48 hpf, 72 hpf, 120 hpf and adult head 
with an average of 56 × 106 mappable reads per sample. The reads 
were mapped to the Zebrafish genome (version Zv9.64) using 
Tophat version 1.2.33 The resulting bam files were processed 
using HTseq-count to generate a count file for each transcript.34 
These data were further processed to calculate RPKM (Reads 
Per Kilobase of exon model per Million mapped reads) values for 
each gene according to.35 This data set was queried for each of the 
Tet genes, along with a range of suitable reference markers.
Figure 4. The expression of Tet1/2/3, Dnmt3 and the pluripotency regulators’ orthologs 
po5f1 and Nanog during indicated zebrafish developmental stages. The left y-axis and bars 
show RpKM (Reads per Kilobase of exon model per Million mapped reads) values, while the 
right y-axis and crosses identify the absolute transcript count.
© 2012 Landes Bioscience.
Do not distribute.
388 Epigenetics Volume 7 Issue 4
21. Morrison GM, Brickman JM. Conserved roles for 
Oct4 homologues in maintaining multipotency 
during early vertebrate development. Development 
2006; 133:2011-22; PMID:16651543; http://dx.doi.
org/10.1242/dev.02362.
22. Lavial F, Acloque H, Bertocchini F, Macleod DJ, 
Boast S, Bachelard E, et al. The Oct4 homologue 
PouV and Nanog regulate pluripotency in chicken 
embryonic stem cells. Development 2007; 134:3549-
63; PMID:17827181; http://dx.doi.org/10.1242/
dev.006569.
23. Dixon JE, Allegrucci C, Redwood C, Kump K, 
Bian Y, Chatfield J, et al. Axolotl Nanog activity in 
mouse embryonic stem cells demonstrates that ground 
state pluripotency is conserved from urodele amphib-
ians to mammals. Development 2010; 137:2973-
80; PMID:20736286; http://dx.doi.org/10.1242/
dev.049262.
24. Johnson AD, Richardson E, Bachvarova RF, Crother 
BI. Evolution of the germ line-soma relationship in 
vertebrate embryos. Reproduction 2011; 141:291-300; 
PMID:21228047; http://dx.doi.org/10.1530/REP-10-
0474.
25. Petitte JN, Liu G, Yang Z. Avian pluripotent stem cells. 
Mech Dev 2004; 121:1159-68; PMID:15296979; 
http://dx.doi.org/10.1016/j.mod.2004.05.003.
26. Fan L, Collodi P. Zebrafish embryonic stem cells. 
Methods Enzymol 2006; 418:64-77; PMID:17141029; 
http://dx.doi.org/10.1016/S0076-6879(06)18004-0.
27. van de Lavoir MC, Mather-Love C, Leighton P, 
Diamond JH, Heyer BS, Roberts R, et al. High-
grade transgenic somatic chimeras from chicken 
embryonic stem cells. Mech Dev 2006; 123:31-41; 
PMID:16325380; http://dx.doi.org/10.1016/j.
mod.2005.10.002.
28. Fernandez-Tresguerres B, Cañon S, Rayon T, Pernaute 
B, Crespo M, Torroja C, et al. Evolution of the 
mammalian embryonic pluripotency gene regulatory 
network. Proc Natl Acad Sci USA 2010; 107:19955-
60; PMID:21048080; http://dx.doi.org/10.1073/
pnas.1010708107.
29. Dawlaty MM, Ganz K, Powell BE, Hu YC, Markoulaki 
S, Cheng AW, et al. Tet1 is dispensable for main-
taining pluripotency and its loss is compatible with 
embryonic and postnatal development. Cell Stem 
Cell 2011; 9:166-75; PMID:21816367; http://dx.doi.
org/10.1016/j.stem.2011.07.010.
30. Westerfield M. The Zebrafish Book. A Guide for the 
Laboratory Use of Zebrafish (Danio rerio). University 
of Oregon Press, Eugene 2007; 5.
11. Szwagierczak A, Bultmann S, Schmidt CS, Spada F, 
Leonhardt H. Sensitive enzymatic quantification of 
5-hydroxymethylcytosine in genomic DNA. Nucleic 
Acids Res 2010; 38:181; PMID:20685817; http://
dx.doi.org/10.1093/nar/gkq684.
12. Ruzov A, Tsenkina Y, Serio A, Dudnakova T, Fletcher 
J, Bai Y, et al. Lineage-specific distribution of high 
levels of genomic 5-hydroxymethylcytosine in mam-
malian development. Cell Res 2011; 21:1332-42; 
PMID:21747414; http://dx.doi.org/10.1038/
cr.2011.113.
13. Li W, Liu M. Distribution of 5-hydroxymethylcy-
tosine in different human tissues. J Nucleic Acids 
2011; 2011:870726; PMID:21772996; http://dx.doi.
org/10.4061/2011/870726.
14. Iqbal K, Jin SG, Pfeifer GP, Szabó PE. Reprogramming 
of the paternal genome upon fertilization involves 
genome-wide oxidation of 5-methylcytosine. Proc Natl 
Acad Sci USA 2011; 108:3642-7; PMID:21321204; 
http://dx.doi.org/10.1073/pnas.1014033108.
15. Wossidlo M, Nakamura T, Lepikhov K, 
Marques CJ, Zakhartchenko V, Boiani M, et al. 
5-Hydroxymethylcytosine in the mammalian zygote is 
linked with epigenetic reprogramming. Nat Commun 
2011; 2:241; PMID:21407207; http://dx.doi.
org/10.1038/ncomms1240.
16. Pastor WA, Pape UJ, Huang Y, Henderson HR, 
Lister R, Ko M, et al. Genome-wide mapping of 
5-hydroxymethylcytosine in embryonic stem cells. 
Nature 2011; 473:394-7; PMID:21552279; http://
dx.doi.org/10.1038/nature10102.
17. Stroud H, Feng S, Morey Kinney S, Pradhan S, 
Jacobsen SE. 5-Hydroxymethylcytosine is asso-
ciated with enhancers and gene bodies in human 
embryonic stem cells. Genome Biol 2011; 12:54; 
PMID:21689397; http://dx.doi.org/10.1186/gb-2011-
12-6-r54.
18. Danson M, Eisenthal R. Enzyme Assays: a Practical 
Approach. Oxford [Oxfordshire]: Oxford University 
Press 2002.
19. Ito S, Shen L, Dai Q, Wu SC, Collins LB, Swenberg 
JA, et al. Tet proteins can convert 5-methylcytosine 
to 5-formylcytosine and 5-carboxylcytosine. Science 
2011; 333:1300-3; PMID:21778364; http://dx.doi.
org/10.1126/science.1210597.
20. He YF, Li BZ, Li Z, Liu P, Wang Y, Tang Q, et al. 
Tet-mediated formation of 5-carboxylcytosine and 
its excision by TDG in mammalian DNA. Science 
2011; 333:1303-7; PMID:21817016; http://dx.doi.
org/10.1126/science.1210944.
References
1. Bird A. DNA methylation patterns and epigenetic 
memory. Genes Dev 2002; 16:6-21; PMID:11782440; 
http://dx.doi.org/10.1101/gad.947102.
2. Reik W, Dean W, Walter J. Epigenetic reprogramming 
in mammalian development. Science 2001; 293:1089-
93; PMID:11498579; http://dx.doi.org/10.1126/sci-
ence.1063443.
3. Surani MA, Hayashi K, Hajkova P. Genetic and epi-
genetic regulators of pluripotency. Cell 2007; 128:747-
62; PMID:17320511; http://dx.doi.org/10.1016/j.
cell.2007.02.010.
4. Ito S, D’Alessio AC, Taranova OV, Hong K, Sowers LC, 
Zhang Y. Role of Tet proteins in 5mC to 5 hmC con-
version, ES-cell self-renewal and inner cell mass specifi-
cation. Nature 2010; 466:1129-33; PMID:20639862; 
http://dx.doi.org/10.1038/nature09303.
5. Ficz G, Branco MR, Seisenberger S, Santos F, Krueger 
F, Hore TA, et al. Dynamic regulation of 5-hydroxy-
methylcytosine in mouse ES cells and during differen-
tiation. Nature 2011; 473:398-402; PMID:21460836; 
http://dx.doi.org/10.1038/nature10008.
6. Tahiliani M, Koh KP, Shen Y, Pastor WA, Bandukwala 
H, Brudno Y, et al. Conversion of 5-methylcyto-
sine to 5-hydroxymethylcytosine in mammalian DNA 
by MLL partner TET1. Science 2009; 324:930-5; 
PMID:19372391; http://dx.doi.org/10.1126/sci-
ence.1170116.
7. Wu H, D’Alessio AC, Ito S, Xia K, Wang Z, Cui K, et 
al. Dual functions of Tet1 in transcriptional regulation 
in mouse embryonic stem cells. Nature 2011; 473:389-
93; PMID:21451524; http://dx.doi.org/10.1038/
nature09934.
8. Wu H, Zhang Y. Tet1 and 5-hydroxymethylation: a 
genome-wide view in mouse embryonic stem cells. Cell 
Cycle 2011; 10:2428-36; PMID:21750410; http://
dx.doi.org/10.4161/cc.10.15.16930.
9. Koh KP, Yabuuchi A, Rao S, Huang Y, Cunniff K, 
Nardone J, et al. Tet1 and Tet2 regulate 5-hydroxy-
methylcytosine production and cell lineage speci-
fication in mouse embryonic stem cells. Cell Stem 
Cell 2011; 8:200-13; PMID:21295276; http://dx.doi.
org/10.1016/j.stem.2011.01.008.
10. Globisch D, Münzel M, Müller M, Michalakis S, 
Wagner M, Koch S, et al. Tissue distribution of 
5-hydroxymethylcytosine and search for active demeth-
ylation intermediates. PLoS One 2010; 5:15367; 
PMID:21203455; http://dx.doi.org/10.1371/journal.
pone.0015367.
Figure 5. A schematic representation of 5-hmc distribution throughout 
the developmental stages of mouse, zebrafish and chick. The cells in 
non-committed state are indicated.
Supplemental Material
Supplemental materials may be found here:
www.landesbioscience.com/journals/epigenetics/article/19375
© 2012 Landes Bioscience.
Do not distribute.
www.landesbioscience.com Epigenetics 389
34. Li H, Handsaker B, Wysoker A, Fennell T, Ruan 
J, Homer N, et al.; 1,000 Genome Project Data 
Processing Subgroup. The Sequence Alignment/Map 
format and SAMtools. Bioinformatics 2009; 25:2078-
9; PMID:19505943; http://dx.doi.org/10.1093/bioin-
formatics/btp352.
35. Mortazavi A, Williams BA, McCue K, Schaeffer 
L, Wold B. Mapping and quantifying mammalian 
transcriptomes by RNA-Seq. Nat Methods 2008; 
5:621-8; PMID:18516045; http://dx.doi.org/10.1038/
nmeth.1226.
31. Priddle H, Grabowska A, Morris T, Clarke PA, 
McKenzie AJ, Sottile V, et al. Bioluminescence imag-
ing of human embryonic stem cells transplanted in 
vivo in murine and chick models. Cloning Stem Cells 
2009; 11:259-67; PMID:19522673; http://dx.doi.
org/10.1089/clo.2008.0056.
32. Nestor C, Ruzov A, Meehan R, Dunican D. 
Enzymatic approaches and bisulfite sequencing can-
not distinguish between 5-methylcytosine and 
5-hydroxymethylcytosine in DNA. Biotechniques 
2010; 48:317-9; PMID:20569209; http://dx.doi.
org/10.2144/000113403.
33. Trapnell C, Pachter L, Salzberg SL. TopHat: discover-
ing splice junctions with RNA-Seq. Bioinformatics 
2009; 25:1105-11; PMID:19289445; http://dx.doi.
org/10.1093/bioinformatics/btp120.
